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Coupling at the interface of core/shell magnetic nanoparticles is known to be responsible for the
exchange bias (EB) and the relative sizes of core and shell components are supposed to influence
the associated phenomenology. In this work, we have prepared core/shell structured nanoparticles
with the total averaged diameter around ∼ 27 nm and a wide range of shell thicknesses through
the controlled oxidation of Co nanoparticles well dispersed in an amorphous silica host. Structural
characterizations give compelling evidence of the formation of Co3O4 crystallite phase at the shells
surrounding the Co core. Field cooled hysteresis loops display nonmonotonous dependence of the
exchange bias HE and coercive HC fields, that become maximum for a sample with an intermediate
shell thickness, at which lattice strain is also maximum for both the phases. Results of our atomistic
Monte Carlo simulations of the particles with the same size and compositions as in experiments are
in agreement with the experimental observations and have allowed us to identify a change in the
contribution of the interfacial surface spins to the magnetization reversal giving rise to the maximum
in HE and HC .
PACS numbers: 75.50.Tt, 75.20.-g, 75.20.En, 75.40.Gb
I. INTRODUCTION
Nanocrystalline materials are of potential interest
nowadays, because their remarkable properties, that dif-
fer from their parent bulk counterparts, have found a
wide range of technological applications. Among them,
particles made of magnetic compounds display a vari-
ety of magnetic behaviors, that differ substantially from
their parent massive materials.1–3 Their distinct proper-
ties are mainly connected to the finite size effects related
to the reduced number of magnetic ions in the enclosed
volume.4 Additionally, the surface and interface effects
related to the symmetry breaking at physical boundaries
of the materials cause spin disorder and frustration along
with the interparticle interactions.5 An interesting class
of nanoparticles (NP) is found when ferromagnetic (FM)
and antiferromagnetic (AF) materials are combined to-
gether in a core/shell structure. The coupling at the
interface between these two magnetic phases gives rise
to the EB phenomenon,6–10 which is of fundamental in-
terest and has found multiple technological applications
depending on the specific composition and the charac-
teristic size of the respective phases.11–16 The pinning
mechanism, that results from EB, has been commercially
explored for the magnetic field sensors and in modern
magnetic read heads.17,18 Nevertheless, a clear cut con-
nection between the observed EB phenomenology and
parameters in core/shell NP, such as the size and thick-
ness of the NP or the microscopic interfacial structure, is
not well established yet.
Although pure metal particles would have desirable
high values of saturation of magnetization,19 they have
strong natural tendency to form parent oxide phases.20,21
This process can be controlled under proper synthesis
conditions to prevent further oxidation, leading to the
formation of core/shell structures with the oxide phase
(often an AF or ferrimagnetic material22) usually formed
at the outer part of the structures. In the case of Co
NP, most of the published studies23 report the formation
of the CoO phase on the shell, although in some cases
the presence of the Co3O4 has also been evidenced by
structural24,25 or magnetic characterization.26 The pos-
sibility of observing EB in Co based nanostructures in
contact with Co3O4 has been rather less investigated and
the published studies focus on layered structures.27–31
Synthesis of single phase CoO or Co3O4 NP have been
achieved by several authors, that have reported AF
magnetic behavior with ordering temperatures reduced
compared to the bulk values32–34 and remanence values
much higher than those for the bulk due to finite-size
effects.26,35
Here, we will explore the EB effect in Co/Co3O4
batches of nanoparticles with well defined average size,
giving evidences that Co3O4 is the only phase present in
our samples. The sizes of the crystallites forming core
and shell are tuned by the controlled oxidation at differ-
ent temperatures. Hence, we are able to show that, the
variation of shell thickness, while keeping the fixed over-
all particle size, leads to the significant changes in the
EB effect, that are stronger for the intermediate shell
thicknesses. A detailed structural study of the samples
allows to correlate this maximum EB to the maximum
interfacial strain due to lattice mismatch and the associ-
ated increased anisotropy. By means of atomistic Monte
Carlo (MC) simulations, we trace back the origin of max-
imum EB effect at the intermediate size and the changes
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2FIG. 1. (a-d) XRD patterns of Co/Co3O4 nanostructures
with different core/shell crystallite sizes. Continuous curves
show the fit using Rietveld refinement. Difference plot are
shown at the bottom of each pattern. Details of the indexed
planes corresponding to Co and Co3O4 are given in (b) for
the 21 : 6 sample. Variation of the (e) crystallite sizes of the
two phases and overall size of the particles with the annealing
temperatures and (f) lattice constant (a) of the two phases
with the crystallite size, as obtained from the refinement.
in the magnetization reversal of interfacial surface spins
as core/shell size is varied.
II. EXPERIMENTAL
Nanocrystalline Co embedded in the amorphous silica
host is prepared with volume fraction ϕ=10 % using sol
gel route. Initially, Co metal powder (Aldrich, 99.99 %
pure) is dissolved in nitric acid (4.5 M). Citric acid is then
added to the solution and homogenized thoroughly dur-
ing 6 h to obtain a transparent reddish solution. Ethano-
lic tetraethyl orthosilicate (TEOS) is finally added to the
solution as a source of the silica matrix in form of droplets
and mixed vigorously for 12 h for obtaining a homoge-
neous solution. The final reddish solution is dried in open
air very slowly to form a gel at room temperature, that
is dried at 323 K for 15 days and subsequently decom-
posed at 873 K for 6 h in a continuous flow of H2/Argon
FIG. 2. (a) XPS spectrograms of Co 2p3/2 (top panel) and
O 1s (bottom panel) contributions. (b) TEM image to verify
particle size. Inset: particle size histogram as fitted by a
log-normal distribution function. (c) High resolution TEM
image displaying nearly core shell structure composed of Co
and Co3O4, respectively. Different planes corresponding to
Co and Co3O4 are depicted. (d) Electron diffraction pattern
displaying different planes for 15:12 sample.
mixture (5% H2 and 95% Argon). The as-synthesized
Co nanoparticles (ϕ ∼ 10 %) in a silica matrix are pro-
cessed for controlled oxidation by annealing the sample
in the range of 333 - 1023 K for 10 minutes each in order
to grow desired Co/Co3O4 phase fractions. Henceforth,
nine samples will be addressed as 25:2, 24:3, 21:6, 18:9,
15:12, 10:17, 5:22, 2:25, and 1:26, where numbers are the
sizes of Co and Co3O4 phases, respectively in nm.
Chemical composition is confirmed using powder X-
ray diffraction (XRD) studies (Seifert XRD 3000P) con-
sidering Cu Kα radiation and electron diffraction at-
tached with a Transmission Electron Microscopy (TEM)
of JEOL TEM 2010. High resolution TEM images of the
particles are used to assess their size, shape and crys-
talline planes of Co and Co3O4. X-ray photoemission
spectroscopy (XPS) have been performed in an Omi-
cron Nanotechnology spectrometer. Magnetization is
recorded in a commercial SQUID magnetometer of Quan-
tum Design (MPMS, XL). In the zero-field cooled (ZFC)
protocol the sample is cooled in zero-field and the mag-
netization is measured in the warming mode with a static
magnetic field. In the field-cooled (FC) protocol sample
is cooled and measured in field.
III. STRUCTURAL CHARACTERIZATION
The XRD patterns of Co and Co/Co3O4 of selected
samples with different phase fractions are depicted in
3Figs. 1(a-d). The continuous curves show the corre-
sponding fits obtained by Rietveld refinement with the
MAUD software, using face-centered Fm3m and Fd3m
space groups for Co and Co3O4, respectively. The details
of the refinement are shown in Fig. 1(b), where the ver-
tical bars at the bottom depict the diffraction peak posi-
tions of Co and Co3O4. The goodness of the fit is demon-
strated by the difference plot shown below the diffraction
patterns for all the compositions, which confirms absence
of other impurity phases such as minor fraction of CoO.
With increasing annealing temperature the Co3O4 phase
grows at the expense of Co.
Average crystallite sizes of each component for dif-
ferent annealing temperatures are estimated using the
Scherrer formula from broadening of the diffraction
peaks, as obtained from the Rietveld refinement.36 In-
dividual average crystallite sizes of each component for
annealing temperatures in the range 333 − 1023 K are
depicted in Fig. 1(e). As shown, the average particle
size ∼ 27 nm is almost constant for the different anneal-
ing temperatures. The lattice constants (a) as obtained
from the Rietveld refinements are plotted as a function
of the individual crystallite sizes in Fig. 1(f). The ob-
tained values are consistent with the previously reported
results.34,37 For most of the samples the lattice constants
of Co and Co3O4 deviate from their bulk counterpart val-
ues 3.54 and 8.09 A˚,34,38 being higher and lower than in
bulk, respectively. This reveals significant tensile strains
on the Co cores of the particles caused by the formation
of the oxide phase at the shell. Interestingly, a maximum
value of both a is found for the sample obtained at an
annealing temperature of 473 K, with crystallite sizes ∼
18 and ∼ 9 nm for Co and Co3O4, respectively.
Analysis of the XPS spectra have been performed in
order to investigate the details of the chemical compo-
sition of the core and shell phases of the nanoparticles.
The results for the Co 2p3/2 and O 1s contributions to
XPS are depicted in Fig. 2(a) for the sample with 15:12
composition. The oxidation states of Co atoms are ob-
tained by deconvoluting the spectra for Co 2p3/2 and O 1s
contributions, as shown at the top and bottom panels of
the figure. The Co2+, Co3+ and Co contributions to the
2p3/2 spectrum can be deconvoluted as shown in the cor-
responding subspectra (lines) that exhibit maxima with
increasing binding energies, respectively. A similar pro-
cedure is done for the O 1s spectrum, that can be decon-
voluted into four contributions, exhibiting maxima with
increasing energy corresponding to surface O, O-H, O-
Co2+, and O-Co3+, respectively. It is noted that the ra-
tio of the area under the deconvoluted curves of Co3+ and
Co2+ in Co 2p3/2 spectrum, as well as that of O-Co
3+and
O-Co2+ curves in O 1s spectrum has nearly same value
of 2:1, as expected for Co3O4. Furthermore, the analysis
provides a ratio of Co:(Co2++Co3+) ≈ 50.3:49.7, which is
close to the phase fraction ratio of Co:Co3O4 ≈ 52:48, as
obtained from the Rietveld refinement. This two obser-
vations clearly corroborate the absence of any detectable
contribution from CoO as also indicated by the XRD
FIG. 3. Thermal variations of ZFC and FC magnetization for
Co:Co3O4 with (a) 24:3, (b) 15:12, and (c) 10:17. The corre-
sponding insets show thermomagnetic irreversibility (∆M).
analysis mentioned above.
Figure 2(b) shows the TEM image of the sample 15:12.
As depicted in the inset, there is a distribution of par-
ticle sizes that can be fitted using log-normal distribu-
tion function with an average size of ∼ 24 nm (consistent
with that observed from the XRD results) and tails that
extend from 5 to 40 nm (continuous curve). A high res-
olution TEM image of a particle of the same sample is
shown in Fig. 2(c), where we have indicated, the distinct
Co and Co3O4 areas within the particle. Moreover, we
have identified the Co (111) diffraction planes within the
darker core region and, outside, the distinctive planes of
Co3O4, that could also be observed in the XRD patterns.
These representative Co and Co3O4 planes can also be
clearly resolved in the electron diffraction pattern shown
in Fig. 2(d). All in all, the careful structural analysis
does not show any convincing signature CoO phase, con-
sistent with the XRD results.
IV. MAGNETIC CHARACTERIZATION
The thermal variation of dc magnetization measured
under ZFC and FC protocols with an applied magnetic
field of 100 Oe are depicted in Fig. 3(a-c) for samples
24:3, 15:12, and 10:17. The behavior of the three sam-
ples is similar, showing irreversibility up to the highest
measured temperature of 300 K, which indicates that
the nanoparticles have blocking temperatures above this
value due to their relatively large size. Note that both
curves decrease monotonously below 300 K and do not
display any peak characteristic of the Ne´el temperature
4FIG. 4. Central portion of the field-cooled (dashed curve) and zero field-cooled (continuous curve) magnetic hysteresis loops
at 5 K for Co:Co3O4 with crystallite sizes (in nm) (a) 25:2, (b) 24:3, (c) 21:6, (d) 18:9, (e) 15:12, (f) 10:17, (g) 5:22, (h) 2:25,
and (i) 1:26. Cooling field for FC protocol is 10 kOe. Complete ZFC hysteresis loops are depicted in the corresponding insets.
of CoO, which should be in the range of 235 − 293 K
depending on the particle size.26,39,40 The Co3O4 orders
antiferromagnetically around 40 K.41 Below ∼ 40 K, a
weak anomaly can be observed in both the ZFC and FC
curves marked by an upturn of the magnetization, which
could be ascribed to the onset of the antiferromagnetic
order26 in crystallites forming the shell. This is consis-
tent with the significant decrease of the Ne´el temperature
of Co3O4 in the range of 26−35 K depending on the fi-
nite size effect.34,42 With increasing Co3O4 fraction, the
magnitude of the magnetization as well as the thermo-
magnetic irreversibility (defined as ∆M = MFC−MZFC)
decrease, as a result of the increasing contribution of shell
spins with reduced magnetization, as shown in Fig. 3 and
the corresponding insets. Similar low temperature re-
sponses (not to be confused with the ones reported here)
have been reported that are usually ascribed either to
residual phases26 in Co/CoO nanoparticles or onset of
spin-glass freezing39,43 for other core/shell compositions.
Hysteresis loops have been measured in between ± 20
kOe at 5 K for all the nine samples, as shown by the
full loops in the insets of Figs. 4(a-i). For particles with
dominant Co component at the particle core (samples
25:2, 24:3), the hysteresis loop exhibits the typical shape
of a FM material, being reversible well below 20 kOe,
and the high field magnetization reaches values close to
saturation for bulk Co (∼ 162 emu/g, see Fig. 5d).19
With the increase of the oxide component at the shell, the
loop shapes become more elongated with higher closure
fields26,39 and a high field linear component with increas-
ing contribution. This high field susceptibility can be as-
cribed to the contribution of uncompensated spins in the
antiferromagnetic shell and core/shell interface43–45 as it
dies off at temperatures higher than TN of Co3O4. For
the most oxidized sample (sample 1:26) a linear field de-
pendence extends over the whole field range as typically
reported for purely antiferromagnetic nanoparticles or in
bulk.34,43,46
In order to probe the effect of the shell thickness on the
EB effect, all the nine samples are cooled in Hcool =10
kOe from 300 K down to 5 K and the magnetic hystere-
sis loops are recorded subsequently. The main panels
in Figs. 4(a-i) show a zoom of the central portion of
the hysteresis loops for ZFC (continuous lines) and FC
(dashed lines) protocols. Note that hysteresis loops after
FC appear clearly shifted to the negative fields with re-
5FIG. 5. Variation of (a) HE , (b) HC , (c) ME , and (d) MS
with crystallite sizes of Co (dCo) and Co3O4 (dCo3O4).
spect to ZFC ones as a consequence of the EB coupling
between the FM core and AF shell spins. In some cases,
a vertical displacement is also observed. The EB field
and vertical shift are defined as HE = (H
+
C + H
−
C )/2,
ME = [M(20 kOe) +M(−20 kOe)]/2 respectively, where
H+C and H
−
C are the coercive fields at the decreasing and
increasing field loop branches. The dependence of these
quantities as well as that of the coercive field HC and
saturation magnetizationMS on the crystallite size of the
both phases is presented in Figs. 5(a-d).
The most remarkable feature is the nonmonotonic be-
havior of HE and HC presented in Fig. 5, which has been
reported previously for Co/CoO nanoparticles.8,40,46,47 It
is clear that EB has to tend towards zero when either
the oxide shell becomes thinner or the Co core dimin-
ishes. However, an argument based on finite size effects
would indicate that with increasing the core diameter
HE should increase resulting from the increase of sur-
face interface. On the other hand, a decrease in the shell
thickness would produce the the contrary effect. So, in
order to clarify the origin of the nonmonotonic behavior,
results of MC simulations will be presented in Sec. V.
However, it should be noted that the maximum HE and
ME is found for the sample with 18:9 composition, which
was the one showing higher lattice mismatch. Therefore,
lattice strain at the core/shell interface for the interme-
diate shell thickness might be playing a role by induc-
ing a higher net magnetic moment at the interface. The
result is in agreement with what it has been found at
the interface of Au-Fe3O4 composites
48,49 or Co/Co3O4
nanooctahedra,25 suggesting that, lattice mismatch cor-
relates the magnetic anisotropy. This hypothesis is fur-
FIG. 6. Cooling field (Hcool) dependence of (a) HE and (c)
HC and temperature variation of (b) HE and (d) HC for three
selected samples as indicated in the legend.
ther sustained by the behavior of HC shown in Fig. 5(b),
that presents a maximum for sample 18:9, and with the
results of the MC simulations presented in Sec. V. Fi-
nally, we notice that vertical loop shifts indicated in Fig.
5(c) are concomitant to the observation of horizontal
shifts and indicate the existence of a fraction of spins
that remain pinned during the field reversal (see also the
simulation results in Fig.7 below). Therefore, the coin-
cidence of the maximum for both the quantities points
to a relation between the increased interfacial anisotropy
and stress as commented above.
We have also measured the thermal variation of FC
hysteresis loops by cooling the sample in a 10 kOe cooling
field from 300 K down to the various temperatures below
250 K and the Hcool dependence by cooling the samples
from 300 K down to 5 K in different cooling fields up
to 50 kOe. The extracted HE and HC values and their
variation with the mentioned parameters are presented in
Fig. 6 for 24:3, 15:12, and 10:17 samples. The values of
HE and HC increase rapidly with Hcool initially and sat-
urate for Hcool > 10 kOe for the three selected samples.
Therefore, we can exclude that the loop shifts observed in
our samples are due to minor loop effects. No maximum
in these quantities has been detected in our samples, in
contrast with what is observed in some studies of single
phase oxide nanoparticles,50–52 where it was related to
the glassy magnetic nature of surface spins. The results
displayed in Figs. 6(b,d) show that both HE and HC
decrease with increasing temperature although following
different tendencies depending on the sample. Remark-
ably, although the Ne´el temperature of Co3O4 is below
40 K, the loop shifts persist up to ∼ 250 K or above,
demonstrating the robustness of the exchange coupling
between core and shell and the persistence of EB effects
up to almost room temperature.
6FIG. 7. Simulated hysteresis loops for individual particles
with the same dimensions as experimental samples with in-
creasing shell thickness from outer to innermost loops. Panel
(a) shows the normalized magnetization of the whole particle.
Panel (b) shows the contribution of the interfacial spins at the
shell.
V. SIMULATION RESULTS
To sustain the experimentally observed variation of
HE and HC with particle morphology, we have con-
ducted atomistic MC simulations of a model of core/shell
nanoparticle26,53 based on the following Hamiltonian
H = −
∑
<i,j>
Jij ~Si · ~Sj −
∑
i
Ki
(
~Si · nˆi
)2
−
∑
i
~Si~h , (1)
where ~Si are Heisenberg classical unit vectors represent-
ing the magnetic ions and, in the last term, the magni-
tude of the magnetic field ~H is given in reduced units
h = µSH, with µS the atomic spin moment. Note also
that all parameters used in the simulations will be given
in temperature units, scaling them by the Boltzmann
constant kB and that the simulation temperature in-
cludes a factor 1/S2. The real values of the exchange and
anisotropy constants for Co and Co3O4 have been used
54
and they are given by JC = 92.75 K, JSh = 0.23JC and
KSh = 40.1JC ,KC = 0.022JC . The interface exchange
coupling has been set to Jint = −JC . The total radius
of the simulated particles (containing 212095 spins) has
been taken as the mean radius of the real samples R =
38a (where a is the lattice constant) and nine shell thick-
nesses tsh/a = 2.4, 4.4, 7.7, 12.3, 17.5, 23.8, 30.8, 34.6, 36.5
have been considered as studied experimentally. In order
to mimick the observed presence of crystallites in the shell
of the real nanoparticles (see Sec. III), we have divided
the shell in regions with different random anisotropy di-
rections similar to that was done in the literature.26,53
This turns out to be crucial to reproduce the experimen-
tal phenomenology.
In Fig. 7(a) we present the simulated hysteresis loops
as obtained after cooling down to 0.1 K under an applied
magnetic field, hFC = 10 K, for different shell thick-
nesses. The loops display shifts contrary to the cooling
field direction, that vary in a non-monotonous way with
tsh. With increasing tsh the fraction of AF spins in-
creases. As a result of it, the remanent magnetization
FIG. 8. Snapshots of a slice of a nanoparticle with tsh/a =
17.5 (sample with 15:12 composition) showing the interfacial
spin magnetic configurations at different points of the hys-
teresis loop (from left to right): (a) positive remanence point,
(b) negative coercive field, (c) negative remanent point, and
(d) positive coercive field. Cone colors vary depending their
component along the field direction from red (along the field
direction) to blue (contrary to the field direction) following
the visible light spectrum.
decreases and the loops become more similar to that of
an AF material. The area of the loops decrease with an
extended region having linear field dependence, in qual-
itative agreement with the experimentally observed be-
havior.
The variation of the EB field can be more easily traced
back to the magnetization reversal behavior of the inter-
facial spins at the shell,55 whose contribution to the hys-
teresis loop is shown in Fig. 7(b). As can be clearly seen,
the interfacial hysteresis loops present a clear asymme-
try between the decreasing and increasing field branches
and, some of them, display characteristic apexes near
the coercive field points.16,55 Although the interface mag-
netization remains quite constant except near the coer-
cive fields, the interfacial magnetization on the decreasing
field branch is not equal (in absolute value) to that on
the increasing field. This indicates that a considerable
fraction of interfacial spins remains pinned during the
field reversal. This can be directly checked by looking
at snapshots of the interfacial spins configurations taken
at different points of the hysteresis loops, as displayed in
Fig. 8 for a particle with tsh/a = 17.5. Comparing the
magnetic configurations at the remanent [panels (a) and
7FIG. 9. Upper panels show the variation of (a) the shift hE
and (b) coercive field hC of the simulated hysteresis loops
with the diameter of the particle core. Lower panels show the
thermal dependence of (c) hE and (d) hC for a particle with
shell size tshell = 17a.
(c)] and coercive field points [panels (b) and (d)], we can
see that the interfacial surface spins remain mostly ori-
ented along the direction induced by the magnetic field
applied during the initial cooling, as indicated by the ab-
sence of variation in the colors of the outer shell of spins.
On the contrary, interfacial spins in contact with the core,
are dragged during the quasiuniform core reversal as can
be appreciated by change in color (reddish to blueish and
vice versa) and orientation when going from remanent to
the coercive field points.
In order to compare with the experimental results
of Fig. 5 and 6, we have calculated the coercive field
and horizontal loop shifts as hC = (h
+
c − h−c )/2, hE =
(h+c + h
−
c )/2 from the hysteresis loops of Fig. 7. Their
dependence on the core diameter is given in Fig. 9. Ini-
tially, both the quantities increase with increasing the
particle core diameter starting from a fully AF particle
corresponding to the increase of the interfacial region sur-
face, as it is also observed experimentally. However, this
tendency is broken as the core size increases further and
a maximum in hE is observed for a core diameter of 20
nm (shell thickness of 6 nm). Below this value, the EB
field progressively decreases as the shell thickness is re-
duced. This non-monotonous trend is in agreement with
that observed experimentally.
The observed behavior for hE correlates with the
changes in the contribution of the interfacial surface spins
to the hysteresis loops displayed in Fig. 7(b), where it
can be seen that the change in the fraction of pinned spins
decreases for the particles with thinner shells (black, red
and green curves) as compared to the one giving maxi-
FIG. 10. Snapshot showing a cut of the interfacial spin posi-
tions represented by spheres. Sphere coloring varies with the
normalized magnitude of the difference between local spin ori-
entations at the two coercive field points. Lighter color means
more difference.
mum EB (blue curve). Similar trend is observed for the
hC curve, which can be understood by noticing that the
coercive field, at difference of hE , is directly related to
the reversal of the core spins. As can be observed in Fig.
10, where a snapshot of the local changes in spin orien-
tations between the positive and negative coercive field
is depicted. The reversal of the core drags some of the
inner spins at the interface, which explains the increase
of hC with Dcore. In contrast, spins at the outer part
of the interface remain pinned, thus contributing to the
loop shift. Finally, let us also remark that the results
of the hysteresis loops at finite temperatures for sample
with tshell = 17.5a shown in Figs. 9(c, d) indicate a ther-
mal dependence hE and hC which is in agreement with
the monotonous decrease also observed experimentally.
VI. CONCLUSIONS
We report synthesis of Co based NP in the silica ma-
trix. The controlled oxidation leads to the Co core with
the Co3O4 shell structure. The core-shell size is varied
keeping fixed overall size of the particle and negligible
interparticle interaction is maintained through the dis-
persion of Co/Co3O4 NP in the silica matrix of 10 %
volume fraction. Absence of trace amount of other oxide
phase such as, CoO, is confirmed from XRD, TEM, and
XPS analysis. Although the parent oxide has much lower
ordering temperature, we have reported the existence of
EB bias effects that persist up to almost room temper-
ature. The maximum EB is observed for the samples
with intermediate shell thickness that is accompanied by
the maximum value of the interfacial strain. The experi-
mental results have been complimented with simulations
8based on atomistic spin model of individual NP with real-
istic sizes. The results of simulations reproduce qualita-
tively the observed EB phenomenology and suggest that
interface pinning mechanism directs the EB effect and its
dependence on the specific material parameters as well as
geometry of the NP.
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